Introduction
Two-photon absorption (TPA) microscopy (Denk et al., 1990; Webb, 1990; Piston & Webb, 1991) incorporates a number of features that make it attractive for specific areas of biological research. Owing to the non-linear nature of the excitation process -the absorption probability depends quadratically on the excitation intensity, the excitation of fluorophores in a specimen is typically limited to the small three-dimensional volume as defined by the focusing properties of the microscope objective. This results both in automatic sectioning -with a resolution slightly inferior to its single-photon analogue (Sheppard & Gu, 1990; Deitche et al., 1994; Kano et al., 1996) and in reduced out-of-focus photobleaching. Additionally, an increased penetration in scattering samples results from the longer excitation wavelength (typically in the nearinfrared) used.
The combination of these features has attracted considerable interest from the biological community and has already resulted in a fair number of publications, demonstrating the feasibility of the technique in practice (e.g. Piston & Webb, 1991; Denk et al., 1994; Piston et al., 1994; Piston et al., 1995; Brakenhoff et al., 1996b; Svoboda et al., 1996; Yu et al., 1996) . Although much of the TPA process in fluorophores is not yet understood in detail, it appears that many commonly used fluorescing stains have sufficiently large TPA absorption cross-sections for practical TPA microscopy purposes. More detailed research in this area will improve our insight and possibly lead to specific TPA stains. There is relatively little information available with respect to the induced radiation damage at the biological level by TPA microscopy and how it compares to its single-photon analogue (Brakenhoff et al., 1996a; König et al., 1996; König et al., 1997) .
Owing to the inherently large frequency bandwidth of the ultrashort optical pulses used in TPA microscopy (typically < 150 fs), propagation of these pulses through an optical system such as a microscope induces substantial dispersion. A large part of the induced dispersion is due to the microscope objective which consists of a large number of (highly) dispersive elements. Any relay elements within the microscope will introduce additional dispersion. If left uncompensated, dispersion causes the optical pulses to broaden in time, reducing the TPA efficiency. Typically the TPA efficiency drops slightly stronger than linearly with increasing pulse width, owing to changes in the shape of the dispersed pulse. Knowledge of the dispersion characteristics of high-numerical aperture (NA) microscope objectives permits the use of pre-compensation techniques to retain temporal pulse integrity at the focal point of the objective. In this paper, the influence of dispersion in microscopy with ultrashort optical pulses and the possibilities for dispersion pre-compensation in microscopical systems is treated in a general and fundamental manner. Although demonstrated in the context of TPA microscopy, the results presented provide an understanding of the way to create the proper focusing conditions for ultrashort optical pulses. This is of special interest, not only for TPA microscopy, but also for other areas of research, such as multiphoton absorption imaging (e.g. Hell et al., 1996; Szmacinski et al., 1996) , fluorescence lifetime imaging (Mü ller et al., 1995a; Buist et al., 1996) and optical coherence tomography (e.g. Fujimoto et al., 1986; Huang et al., 1991) . A number of groups have addressed this issue of dispersion of ultrashort pulses in microscope objectives (Hänninen & Hell, 1994; Brakenhoff et al., 1995; Mü ller et al., 1995b; Guild et al., 1997) . In this paper we present the results of dispersion measurements of 15 fs pulses through a number of different high-NA microscope objectives. At 800 nm a transform limited, Sech 2 shaped, 15 fs pulse corresponds to a bandwidth of Ϸ 45 nm (DuDt ¼ 0·315). This large bandwidth implies that higher order (cubic and quartic) dispersion terms become non-negligible both for the dispersion induced by the objective and for the precompensation technique used to cancel it. Hence, these ultrashort pulses provide a stringent test for the dispersion pre-compensation technique, the measurement technique of the actual pulse width as well as for the theoretical model developed to describe the observed dispersion.
Using dispersive ray-tracing calculations to model the dispersion induced by a typical objective and comparing the results with the experimental data, general predictions with respect to dispersion control in microscope objectives can be inferred. The experiments confirm the validity of our theoretical model, which in turn permits detailed design of the optimal configurations for TPA microscopy or timeresolved microscopy with ultrashort optical pulses.
Measurement and control of femtosecond pulses

Two-photon absorption autocorrelation
To examine the effects of dispersion on the ultrashort optical pulses used in TPA microscopy and to enable proper precompensation, it is important to be able to measure the pulse width at the focal point of a high-NA microscope objective. To this end, we developed the two-photon absorption autocorrelation (TPAA) technique (Brakenhoff et al., 1995; Mü ller et al., 1995b) , which we will briefly describe here.
A general autocorrelation set-up is schematically depicted in Fig. 1(a) . The input laser beam is split into two parts by a 50% beamsplitter. One of the beams passes a variable delay line before it is recombined with the other beam by a second 50% beamsplitter. Two beamsplitterswith their coated side orientated in opposite directionsare used instead of one, to ensure that both beams experience the same dispersion in the -so-called balanced -autocorrelator. The two co-propagating beams are focused into a medium, the non-linear response of which is detected as a function of the relative delay between the two beams. This delay is varied by changing the optical path length in one of the arms of the autocorrelator. Note that the response needs to be non-linear to allow measurement of the autocorrelation of the pulse envelope rather than of the coherence time of the pulse (Diels & Rudolph, 1996) . Since the beams co-propagate, the signal will show interference fringes as a function of delay, which are used as an internal time calibration in the measurement. This is especially important to permit accurate measurement of ultrashort optical pulses. A typical interferometric second harmonic generation (SHG) autocorrelation trace is shown in Fig. 1(b) , showing the 1:8 ratio of baseline and maximum with respect to the background. The best fit to the data was obtained for a Sech 2 input pulse of 15·5 fs. The flatness of the baseline indicates a transform limited input pulse, which is confirmed by the measured time-bandwidth product of DuDt Ϸ 0·37.
In conventional pulse measurements, the non-linear medium is a crystal in which a second harmonic signal is generated. The SHG process dictates stringent phasematching conditions, which limit the signal generation to a small (Յ10Њ) acceptance angle of the input radiation with respect to the orientation of the crystal. Since high-NA objectives focus radiation over angles up to 120Њ the SHG process is not suitable for pulse width measurement in this case. In the TPAA technique detection of the fluorescence generated in a TPA process is used as the non-linear response. Since an isotropic fluorescing medium can be used in this case, the TPA process is not limited by phasematching and has the additional advantage that it can be used in a medium which closely resembles microscopy practice.
Dispersion pre-compensation
To understand the nature of the dispersive effects of different media or optical devices on ultrashort pulses it is most convenient to express the frequency dependent phase f(q)of the ultrashort pulse in terms of a Taylor series as in Eq. (1).
where q 0 denotes the centre frequency of the pulse. Given the known functional dependence of the refractive index with respect to wavelength, n(l), it is usually convenient to express the different terms in the expansion of Eq. (1) in terms of the derivative of the refractive index with respect to the wavelength:
where L is the pathlength through the dispersive material and c is the speed of light. The first derivative in this series (f 1 ) represents the group delay (GD) of the wave packet and is indicative of the time-of-flight through the optical system. The second order term (f 2 ), is the group delay dispersion (GDD). A non-zero value for the GDD indicates that the pulse width is increased from its transform limit. While the GDD broadens the pulse width, the existence of a third order dispersion (TOD; f 3 ) results in an asymmetric pulse distortion. Fourth order dispersion (FOD; f 4 ) once again, relates to a pulse broadening. The degree to which each of these terms affects the pulse width and shape is dependent on the pulse bandwidth and the length of the optical path that the pulse propagates through the dispersive material. For the pulse widths and material path lengths considered here it is important to know the amount and sign of the dispersion through fourth order for each element in the optical system. In the near IR (800 nm), the GDD, TOD and FOD are all positive for most common glasses (however, this should never be assumed, the sign and amount of dispersion for a material in the system should always be carefully determined). Thus, to compensate for a net positive residual phase error, a dispersive system capable of producing negative GDD, TOD and FOD must be used. Changing the sign of the dispersion can be done readily using a prism pair (Fork et al., 1984) , or grating pair (Treacy, 1969) . The negative dispersion arises from the angular dispersion produced by these devices. For the amounts and signs of dispersion considered here, the prism pair is the most adequate match for compensation, capable of producing negative GDD, TOD and FOD. In contrast, the standard grating pair produces negative GDD, but positive TOD, which results in a cancellation of the GDD term, but a net increase in the TOD.
The basic prism dispersion compensation scheme is illustrated in Fig. 2 . The first prism creates an angular dispersed beam, and the second prism is used to limit this angular dispersion, recollimating the beam into a specularly dispersed, yet parallel output (it is spatially chirped). The tipto-tip prism spacing (l), and the amount that each tip is inserted into the beam determines the net amount of dispersion, as well as the sign. In order to remove the spatial chirp the prism system must be double passed, which also doubles the amount of dispersion obtained for a given prism spacing.
Unfortunately, for most systems the rate at which the GDD to TOD dispersion increases is very different between the prism pair and the material path length one is attempting to compensate for. This means that while the prism pair can effectively cancel out the material GDD, there is a residual TOD resulting from the prism pair. This residual TOD can limit the final achievable pulse width. The amount of residual TOD can be controlled by several methods, a few of which are described here. Most important is the choice of prism material. Highly dispersive glasses such as SF10 leave a larger residual TOD, and can easily limit the compressed pulse width. For the pulse durations considered here, fused silica prisms are a much better match, helping to minimize the residual TOD, and making it possible to achieve much shorter pulse durations.
Another method of helping to achieve TOD compensation arises from the use of dielectric mirror coatings. For the mirrors used here in the roof mirror assembly of the prism compensator (CVI TLM1, s-polarization, 45Њ angle of incidence) Ϸ 12 fs 3 of correction is acquired per reflection. (Note: all other mirrors were protected silver, adding negligible dispersion.) Multiple reflections from mirrors with this coating (or other dielectric coatings providing even higher dispersion for that matter) could be used to increase this number to help further balance out the residual TOD due to the prism sequence.
Focusing 15 fs optical pulses
To obtain a general understanding of the dispersion characteristics of microscope objectives, six different high-NA microscope objectives were measured. The objectives are listed in Table 1 with their shorthand notation used in the rest of this paper. All objectives are corrected for infinity.
Experimental set-up
The experimental set-up for measuring the TPAA signal is depicted in Fig. 3 . The laser is a home-built Ti : sapphire oscillator operating at 800 nm, 76 MHz, with an average power of Ϸ 150 mW. The pulse width -measured with SHG autocorrelation (see Fig. 1b ) -is 15·5 fs. The beam first passes a dispersion pre-compensation unit (Fig. 3b , see details below) before being split and recombined in a The roof mirror reflects the beam back in a plane parallel to, but above, the plane of incidence. The dihedral reflector is mounted on a translation rail allowing the optical path length between the two prisms to be varied.
balanced autocorrelation unit. The output of this unit can be directed to generate either a SHG autocorrelation trace, or a TPAA signal. Owing to losses on the mirrors -mainly on the gold-coated dihedral reflector DHR, only Ϸ 35 mW remains to go into the TPAA part of the set-up. The SHG, as well as the TPAA, signal is detected by a photomultiplier tube and digitized by a digital oscilloscope (Le Croy 9361). A BG39 blocking filter blocks out any scattered light at the laser wavelength.
There are a number of points to note about this set-up. Putting in or taking out mirror M 1 quickly changes the setup from conventional interferometric SHG autocorrelation to TPAA, providing the opportunity to determine the absolute pulse broadening induced by the objective, relative to the shortest pulse obtainable for the system. A parabolic focusing mirror and a 100 mm, type I KDP doubling crystal render the SHG autocorrelator practically dispersion free.
The dispersion pre-compensation unit consists of a doubly folded double prism pair arrangement (Fig. 3b) . The prisms are of fused silica, which has a low angular dispersion. This minimizes the residual TOD induced by the prisms (see above). Owing to this low dispersion the prisms have to be separated over a relatively long distance to induce substantial dispersion compensation. Because of the angular spread of the beam between the prisms, the physical size of the prisms ultimately limits the maximum separation distance between them. At larger distances the spectrum is clipped, which would cause a broadening of the pulse. Measurement of the spectrum of the pulses after the dispersion pre-compensation unit confirmed that no clipping of the spectrum affected the TPAA measurements reported here for all prism separation settings.
In the TPAA experiments the sample consisted of a 10 -3 M solution of Rhodamine 6G in water, contained in a 0·1 mm microslide (Vitro Dynamics, Rockaway, NJ). The fluorescence is measured in the backscattering direction. The dispersion induced by the dichroic mirror was measured to be negligible. The objectives are used without additional tube lens. The beam diameter was Ϸ 5 mm (FWHM), in most cases substantially underfilling the objective's pupil diameter, which ranges from 4·3 to 10·7 mm for the objectives used.
In all measurements the TPAA responses were analysed by fitting the signal to the theoretical autocorrelation trace (Diels & Rudolph, 1996) . In almost all cases the best fit was obtained by assuming Sech 2 , rather than Gaussian, shaped input pulses. For consistency we report the pulse width and amplitude obtained for a Sech 2 fit throughout the rest of this paper. It should be noted that this fitting procedure gives an exactly correct result for the pulse width only if the pulses are transform limited and are indeed Sech 2 shaped. Deviations from either of these conditions, together with slight misalignment of the autocorrelator, will introduce a (systematic) error in the calculated pulse width. Hence, although the error in the measured pulse width resulting from noise is very low (Ϸ 1%), we estimate the absolute accuracy of the pulse width measurement in the manner described above at approximately (Ϯ 5%).
TPAA measurements for the Zeiss objectives
For all objectives the pulse width at the focal point was measured as a function of induced dispersion pre-compensation using TPAA. Typical results of such measurements for the objectives A and D are shown in Fig. 4 . Two important points should be noted from these figures. First, despite the large amount of dispersion induced by the objectives -no TPAA signal could be observed prior to pre-compensation -proper dispersion pre-compensation restores the original pulse width at the focal point of the high-NA microscope objective. Second, the TPA efficiency is a function of the pulse width, generating the maximum signal at the minimum pulse width. The dependence of the TPAA signal on the pulse width is stronger than linear, which can be understood from a reshaping of the pulse from more Gaussian for non-transform limited pulses to almost Sech 2 at the minimum pulse width. Table 2 and Fig. 5 summarize the results, with the minimum pulse width, measured with the TPAA technique, for all objectives and the amount of GDD, induced by the dispersion precompensation unit, required to obtain this minimum.
Note that the pulse width shows a slight increase with increasing GDD to be compensated. This is due to the fact that for larger pre-compensation values the residual TOD from the dispersion pre-compensation unit introduces increasing amounts of broadening. Hence this is not due to the objectives, but rather is related to the particular precompensation configuration used. Note also that, as expected, increasing amounts of dispersion need to be precompensated by for objectives containing a larger number of dispersive elements. In all cases, however, the induced dispersion is primarily second order and can thus be precompensated in a straightforward manner. It should be kept in mind that Table 2 refers to the dispersion induced by the objective only. In a complete microscope the induced dispersion can be substantially larger (> 5 times, Fig. 5 . Minimum autocorrelation pulse width measured for SHG and TPAA with the microscope objectives as a function of induced dispersion pre-compensation. The increase in pulse width with larger pre-compensation is due to the residual TOD produced by the dispersion pre-compensation unit. Fig. 6 . TPAA pulse width for objective F as a function of induced dispersion pre-compensation, for fused silica and SF10 prisms. Residual TOD from the prism material in the dispersion pre-compensation unit limits the minimum pulse width that can be obtained. see Section 5) when a beam expander and scan lens have to be included. To demonstrate the effect of residual TOD produced by a dispersion pre-compensation unit, we repeated the measurements after replacing the fused silica prisms by SF10 prisms. SF10 has a much larger angular dispersion than fused silica. Hence it is to be expected that in cases where large amounts of dispersion have to be pre-compensated, the residual TOD becomes the limiting factor. This is demonstrated in Fig. 6 where the TPAA pulse width is plotted as a function of induced dispersion pre-compensation for both the set-up with fused silica prisms and the one with SF10 prisms. Note that these measurements were done with a slightly differently aligned Ti : sapphire oscillator running at 17·5 fs. Clearly the SF10 dispersion pre-compensation set-up cannot restore the original pulse width due to residual TOD. A similar effect was observed by (Guild et al., 1997) .
Numerically the matching of the dispersion characteristics of the prism material with respect to those of the microscope objective to be compensated for can be exemplified as follows. With dispersive ray-tracing (see below) the relative rates of TOD to GDD effectively induced by objective F are calculated to be (f 3 /f 2 ) F Ϸ 0·23 fs. A similar calculation for the prism pair dispersion precompensation unit yields (f 3 /f 2 ) prism fused silica Ϸ 0·36 fs and (f 3 /f 2 ) prism SF10 Ϸ 1·32 fs for the fused silica and SF10 prisms, respectively. Clearly the former provide a better match to the dispersion induced by the objective.
Theoretical modelling
In dispersive ray-tracing, the contribution of all dispersion terms of Eq. (2) is calculated along each ray through the optical system. The total dispersion is the sum of the dispersion induced by each of the dispersive elements in the system. Since this calculation is based on ray-tracing, any additional effects caused by the interplay of beam diffraction and angular dispersion are neglected.
Based on known optical data, a dispersive ray-tracing calculation was performed for objective F. For the on-axis ray through the objective, at a carrier wavelength l 0 ¼ 800 nm, the various orders of dispersion were calculated to be: GDD ¼ 579·4 fs 2 ; TOD¼129·9 fs 3 and FOD ¼ 24·3 fs 4 . Based on the same principles of dispersive ray-tracing, the induced dispersion at each setting of the dispersion pre-compensation unit (Fig. 3b) can be calculated. The setting for the minimum TPAA pulse width for objective F -which in this experimental set-up corresponds to a (single pass) prism separation of 877 mm -is calculated to correspond to GDD ¼ -579 fs 2 ; TOD ¼ -209 fs . This includes the dispersion of the coatings in the dispersion pre-compensation unit. When the net dispersion of the system is used (dispersion pre-compensation unit plus objective dispersion) it is calculated that a 15·5 fs Sech 2 pulse should only broaden by ϳ0·8 fs, which is in excellent agreement with the measured pulse broadening. The agreement between experiment and dispersive ray-tracing calculations shows that diffraction and angular dispersion are negligible in this case.
To provide a general feeling of the dispersion induced by objective F (GDD ¼ 597·4 fs 2 ; TOD ¼ 129·9 fs 3 and FOD ¼ 24·3 fs 4 ) -which may serve as a low end estimate for the typical amount of dispersion induced by an objective in TPA microscopy -the broadening of a 15 and 40 fs pulse was calculated with dispersive ray-tracing. Under these conditions it is found that, if uncompensated, a transformlimited 15 fs pulse broadens to 210 fs, whereas a transformlimited 40 fs pulse broadens to only 87 fs. This clearly shows the effect of frequency bandwidth on the broadening induced for a given amount dispersion.
General remarks
The fact that the minimum TPAA pulse width equals the pulse width obtained with SHG autocorrelation -including the residual TOD from the dispersion pre-compensation unit -demonstrates that there is negligible sample induced broadening. This was further substantiated in independent experiments, where the KDP crystal was substituted for a solution of rhodamine 6G, and the all reflective optic geometry was used.
In the experiments reported in this section, the aperture of the objective was underfilled on purpose to reduce the sensitivity of the measurement to pulse-broadening induced by a radially varying GD, also known as phase time delay (PTD) (Bor, 1988; Bor, 1992) or radially varying higher order dispersion terms. In a separate series of measurements we investigated this issue in detail (Mü ller et al., in preparation) .
Finally, it should be noted generally that the 8:1 contrast in an interferometric TPAA trace decreases owing to radially varying group delay or higher order dispersion terms, and/ or high-NA focusing conditions.
Dispersion pre-compensation and TPA imaging
To demonstrate visually the effect of dispersion precompensation in TPA microscopy, the general principle, as described above, was applied to a practical TPA imaging setup. The set-up consisted of a Coherent MIRA 900F Ti:Sapphire laser, running at 800 nm, 80 MHz. The laser output was sent through a SF10 prism pair dispersion precompensation unit and coupled into a Zeiss confocal laser scanning microscope, LSM 410 invert, and focused down with objective E. The pulse width of the laser, measured with SHG autocorrelation, was 127 Ϯ 10 fs. Using the TPAA technique, it was found that the complete microscope set-up ᭧ 1998 The Royal Microscopical Society, Journal of Microscopy, 191, [141] [142] [143] [144] [145] [146] [147] [148] [149] [150] broadened the pulse to 218 Ϯ 10 fs. This indicates an induced dispersion of Ϸ 4500 Ϯ 600 fs 2 (for a Gaussian input pulse), which is consistent with the dispersion calculated from the optical data of 5120 fs 2 for an on-axis beam travelling through the whole microscope, including the objective lens and the external beam expander. Objective E alone induces a GDD of 1100 fs 2 (see Table 2 ), indicating that the total dispersion is dominated by the relay lenses and other optical components such as filters and dichroics inside the microscope. A minimum pulse width of 170 Ϯ 10 fs at the focal point of the microscope was obtained by optimizing the dispersion pre-compensation unit. Figure 7 shows the increase (> 70%) in TPA fluorescence intensity when the input pulse width is decreased by adjusting the dispersion pre-compensation unit. Note, that since the scattering-and single-photon-induced background is independent of the input pulse width, this TPA intensity increase results in an improved image contrast. Figure 7(a) shows a TPA image of the retina of a fish eye with double staining: DAPI dissolved in the nucleus of retina cells; and FITC/rhodamine attached to the nerve cell fibres. The average input power is 2 mW. The dispersion pre-compensation unit is set for the minimum pulse width of 170 fs at the focal point. Figure 7(b) shows another image of the same specimen, where the pulse width has been increased to 340 fs by translating one of the prisms in the prism pair dispersion pre-compensation unit. All other experimental conditions are identical and the images are plotted on the same false colour scale. A similar increase in fluorescence intensity could have been obtained by raising the input power by > 30%. The important point is that the fluorescence intensity can be optimized for a given average power merely by choosing the proper dispersion precompensation conditions, thereby maximizing the detection efficiency for a given radiation load on the sample.
Discussion
We have shown that with proper predispersion compensation it is possible to focus optical pulses as short as 15 fs pulses with a range of high-NA microscope objectives. Since at constant pulse power the TPA probability increases at least linearly with decreasing pulse width, the generated fluorescence from TPA is increased by almost an order of magnitude in reducing the pulse width from the 100 fs level typically used in TPA microscopy today to the 15 fs level. Note that this increase in fluorescence intensity is attained at equal average input power.
By using ultrashort 15 fs optical pulses, which have an inherently large frequency bandwidth and are thus very dispersion sensitive, the measurement technique (TPAA), the dispersion pre-compensation method and the theoretical modelling of the system by dispersive ray-tracing have been tested thoroughly. We obtained excellent agreement between theory and experiment. This agreement makes us confident that it is possible to choose the proper dispersion pre-compensation configuration for any microscope objective, or microscopic system, to retain optical pulse integrity Fig. 7 . TPA images of the retina of a fish eye, using a DAPI stain dissolved in the nucleus of the retina cells and a FITC/rhodamine stain attached to the nerve cell fibres: (a) 170 fs pulse at a setting of the dispersion pre-compensation unit for minimum pulse width at the focal point; (b) 340 fs pulse obtained by translating one of the prisms in the dispersion pre-compensation unit with respect to (a). All other experimental conditions are identical and both images are plotted on the same false colour scale.
at the focal point. Furthermore, with proper accounting of higher order dispersion, and a properly designed precompensator, there appears to be no fundamental reason why even shorter pulses cannot be properly focused by these objectives. With the theoretical understanding of the dispersion properties of high-NA lenses an optimal dispersion pre-compensation unit can be designed for any practical (microscope) configuration.
Mirror coatings, which are not specially designed for ultrashort pulses, can introduce substantial dispersion. Inside a microscope, such mirrors may induce dispersion (primarily third order) which in principle can be used to reduce the residual TOD due to the prism pre-compensator unit. Alternatively, unaccounted mirror dispersion can also broaden the pulse. Such pulse distortion in turn reduces the TPA efficiency. The TPAA technique provides a tool to measure the actual pulse width at the focal point, including the dispersion induced by the whole system.
The findings of this paper are relevant not only to TPA microscopy but to all optical techniques which rely on strong focusing of ultrashort pulses, such as spatially resolved non-linear optics or time-resolved imaging.
